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Introduction 


The  Pn  is  crucial  for  the  detection  and  location  of  regional  events.  It  is  therefore 
important  to  determine  its  characteristic  properties.  The  properties  of  P„  are  well 
understood  in  one-dimensional  crust-mantle  models;  P„  is  an  ordinary  head  wave 
associated  with  the  Moho  in  models  of  uniform  plane  layers,  and  Pn  can  be  inter¬ 
preted  as  a  sum  of  whispering  gaJlery  waves  forming  a  so-called  interference  head 
wave  in  models  of  spherical  layers  and/or  models  having  a  positive  velocity  gradient 
below  the  Moho  [Menke  and  Richards,  1980].  This  model  can  explain  the  relatively 
long  duration  and  high  frequencies  of  Pn  at  teleseismic  distances.  However,  it  cannot 
explain  the  relatively  large  amplitudes  often  observed  in  the  later  part  of  the  coda. 
Similar  characteristics  are  also  observed  at  regional  distances. 

In  this  study  we  apply  wide-band  frequency-wavenumber  analysis  to  regional 
at  the  NORESS  array  in  southern  Norway.  The  results  suggest  a  scattering  model 
for  the  propagation  of  P„.  Scattering  due  to  surface  topography  h^ls  been  invoked 
earlier  to  explain  the  often  significant  perturbations  of  three-component  data  at 
sites  within  the  NORESS  array  [Odegaard  et  al.,  1990).  It  has  also  been  demon¬ 
strated  that  local  surface  scattering  may  be  responsible  for  the  relatively  large  coda 
amplitudes  of  teleseismic  P  waves  [Gupta  et  al.,  1990,  Hedlin  et  al.,  1990);  this  is 
in  accord  with  earlier  theoretical  results  that  the  incident  P  waves  are  effectively 
scattered  into  Rayleigh  waves  by  surface  obstacles  [e.g.,  Hudson  and  Boore,  1980]. 
However  this  particular  mechanism  does  not  explun  the  characteristics  of  regional 
Pn  at  NORESS. 


The  data 

We  have  analyzed  in  some  detail  the  NORESS  records  of  P„  from  a  suite  of  six 
quarry  blasts  at  a  dam  construction  site,  near  Blasjp  in  S.W.  Norway.  The  site  is 
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ai.bout  300  km  from  NORESS  in  an  azimuth  direction  of  240°.  Event  information 
is  given  in  Table  1.  A  typical  record  pf  P„  from  the^e  events  is  shown  in  the  top 
panel  of  Figure  1.  It  can  be  seen  that  the  first  arrival  is  relatively  weak.  In  fact,  this 
arrival  is  easily  missed  for  small  events,  as  Pn  is  often  associated  with  the  dominant 
part  of  the  wavetrain. 

We  have  applied  wide-band  frequency-wavenumber  analysis  (Kva^rna  and  Dporn- 
bos,  1986]  to  all  six  events  in  Table  1.  It  is  useful  to  display  thp  results  of  this  analysis 
both  as  a  function  of  frequency  and  as  a  function  of  tiai?>  Elstimates  of  slowness  and 
azimuth  as  a  function  of  time  have  been  obtained  by  applying  a  moving  window  to 
the  records;  we  used  a  window  length  of  0.75  s  and  a  time  atep  of  0.2  s.  The  rela¬ 
tively  short  window  length  requires  that  the  array  data  be  preshifted  in  accordance 
with  the  azimuth  to  the  source  and  a  specified  apparent  velocity;  we  u^  8.2  km/s. 
Results  for  the  frequency  band  2-4  Hz  are  summarized  in  the  two  lower  panels  of 
Figure  1,  in  the  form  of  slowness  and  azimuth  as  a  function  of  time.  These  results 
represent  an  average  over  all  six  events. 

The  results  show  that  the  slowness  (0.128  s/km)  and  azimuth  (242°)  of  the 
first  arrival  are  consistent  with  Pn  in  a  one-dimensional  crust-mantle  model.  The 
anomaly  (slowness  0.138  s/km,  azimuth  227°)  is  related  to  the  dominant  part  of 
the  wavetrain  that  is  being  delayed  0.5-0.6  s  relative  to  the  first  arrival.  This  is  a 
consistent  feature  for  all  events.  Slowness  and  azimuth  estimates  fs  a  function  of 
frequency  are  summarized  in  Figure  2,  showing  that  the  anomaly  is  related  to  the 
frequency  range  2-4  Hz;  this  is  also  the  rsmge  where  the  signal  has  its  maximum 
energy. 
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These  results  have  led  us  to  consider  a  scattering  mechanism  for  the  generation  of 
the  anomalous  wavetrain.  Scattering  has  previously  been  postulated  at  a  wide  range 
of  depths  in  the  crust  and  upper  mantle;  one  especially  expects  this  phenomenon  to 
occur  near  the  major  discontinuities,  near  the  Earth’s  surface  and  connected  with 
major  geological  features.  However,  the  observational  results  described  above  enable 
us  to  constrain  the  scatterer  location  to  a  considerable  degree.  The  wavenumber 
solutions  show  that  the  wavefront  is  in  fact  very  nearly  plane.  This  implies  that  the 
anomaly  cannot  be  generated  near  the  surface  since  this  would  significantly  perturb 
the  wavefront.  The  observational  results  thus  suggest  that  these  waves  are 
actually  the  result  of  scattering  at  depth. 

Ray-tracing  backward  in  the  direction  determined  by  the  measured  slowness  and 
azimuth  of  the  anomalous  main  pulse  leads  to  the  result  that  the  observed  0.5-0. 6  s 
time  delay  relative  to  the  first  arraival  is  explained  by  a  scattering  source  within  the 
depth  range  of  the  Moho  (30-40  km).  We  have  traced  the  rays  in  a  standard  crustal 
and  upper  mantle  model  for  southern  Norway.  Another  result  of  this  procedure  is 
that  scattering  in  the  upper  mantle  far  below  the  Moho  would  lead  to  a  time  residue 
significantly  exceeding  the  observed  0.5-0.6  s.  The  Moho  depth  in  the  area  is  usually 
taken  to  be  about  35  km  [Berteussen,  1977].  Hence  the  observations  are  consistent 
with  scattering  by  topographic  relief  of  the  Moho.  An  interesting  geological  feature 
is  that  the  inferred  location  of  the  proposed  topographic  feature  coincides  with  the 
border  of  the  Oslo  Graben  (Figure  3). 

Scattering  by  Moho  topography 

Scattering  will  of  course  affect  all  waves  interacting  with  a  rough  Moho  disconti¬ 
nuity.  However,  the  scattered  waves  usually  arrive  in  the  coda  of  a  relatively  strong 
primary  wave.  In  contrast,  the  first  arriving  Pn  is  relatively  weak  due  to  the  small 

coefficient  of  refraction  through  the  Moho,  and  scattering  due  to  topography  of  the 
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boundary  may  dominate  the  wavetrain. 

To  illustrate  these  concepts,  we  have  calculated  generalized  transmission  coeffi¬ 
cients  for  a  rough  Moho,  using  a  recursion  method  for  obtaining  these  coefficients 
in  wavenumber  space  (Doornbos,  1988].  From  the  generalized  coefficients  we  can 
calculate  the  energy  flux  for  any  wave  type.  Figure  4  shows  the  energy  flux  of  P 
transmitted  upward  through  the  boundary,  as  a  function  of  slowness  of  the  incident 
P  below.  The  boundary  topography  is  characterized  by  a  correlation  length  of  5.6 
km  and  an  average  height  of  1  km,  auid  the  wave  frequency  is  3  Hz.  Two  modes 
of  scattering  are  shown:  (1)  i’he  specular  flux  E°  in  the  direction  defined  by  the 
plane  wave-plane  interface  concept.  The  specular  flux  through  a  rough  interface  is 
reduced  with  respect  to  the  flux  through  a  plane.  (2)  The  diffuse  flux  due  to 
multiple  scattering  in  all  upward  directions.  E*^  does  not  exist  for  a  plane  interface. 
The  figure  illustrates  well  the  sharp  increase  in  the  ratio  as  the  slowness  ap¬ 

proaches  the  critical  value  corresponding  to  Pn,  thus  supporting  in  a  qualitative  way 
the  scattering  model  for  propagation  of  this  wave.  Within  the  context  of  this  model, 
a  likely  interpretation  of  the  frequency  dependent  slowness  estimates,  illustrated  in 
Figure  2,  is  the  well-kown  fact  that  the  characteristic  dimension  of  the  boundary 
perturbation  determines  the  frequency  dependent  radiation  pattern  of  the  scatter¬ 
ing.  It  should  be  noted  that  and  E**^  are  not  observable  parameters.  What  can 
be  inferred  is  the  flux  at  a  receiver  location  on  the  surface.  To  model  this  we  need 
to  know  the  areal  extent  of  topography,  and  the  decay  factor  accounting  for  atten¬ 
uation  of  Pn  along  the  Moho.  Clearly  these  parameters  are  presently  only  poorly 
constrained.  Nevertheless,  the  present  results  suggest  that  the  scattering  model  of 
Pn  wave  propagation  is  viable,  and  consequently  that  a  careful  calibration  is  needed 
before  using  this  phase  for  event  location  and  velocity  determination  purposes. 
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Tables 


Table  1.  Event  data  for  Blasj0  events 


Event 

Date 

Origin  time 

Magnitude 

1 

06/04/85 

03  13  59 

2.3 

2 

06/07/85 

14  42  39 

2.0 

3 

06/28/85 

15  42  12 

2.0 

4 

07/05/85 

03  59  29 

2.3 

5 

07/16/85 

17  33  12 

2.5 

6 

07/29/85 

13  55  18 

2.8 

Blasj0  coordinates:  59.3N,  6.95E. 
NORESS  coordinates:  60.74N,  11.54E 
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Figure  Captions 


Fig.  1.  NORESS  record  of  P„  from  a  quarry  blast  in  the  Bl^j0  area.  The  top 
trace  is  a  single  channel  seismogram,  bandpass  filtered  between  2  and  4  Hz.  Average 
array  estimates  of  azimuth  and  slowness  as  a  function  of  time  are  shown  below.  The 
error  bars  correspond  to  one  standard  deviation  and  the  symbol  size  on  the  plot 
indicates  the  average  relative  signal  power. 

Fig.  2.  Azimuth  and  slowness  estimates  of  Pn  as  a  function  of  frequency,  for  six 
events  in  the  Blasj0  area.  A  3  second  time  window  was  analyzed  for  each  event,  the 
frequency  bandwidth  was  0.8  Hz  and  the  frequency  step  were  0.4  Hz.  The  symbol 
size  indicates  the  relative  signal  power. 

Fig.  3.  Map  showing  the  locations  of  Bla5j0  and  NORESS,  as  well  as  the  surface 
projection  of  the  presumed  scattering  region.  The  boundary  of  the  Oslo  Graben  is 
indicated. 

Fig.  4.  Energy  flux  at  3  Hz  through  a  rough  solid-solid  interface  with  the  velocity- 
density  structure  v'^/~  =  6.8/8.1  km/s,  =  3. 7/4.5  km/s,  =  2.9/3.4  g/cm^. 
The  boundary  roughness  is  characterized  by  an  avereige  height  of  1  km  and  a  corre¬ 
lation  length  of  5.6  km.  The  scattered  flux  is  upward  through  the  boundary.  Solid 
line:  specular  direction.  Dashed  line:  integrated  diffuse  flux. 


8 


Power 

1.0-O 


Slowness 


Frequency  (Hz) 


FIGDRE  2 


10 


LONGITUDE  (DEG  E) 


N  •  Noress 
S  -  Scattering  region 
B  -  Bi4sj0 

FIGURE  3 


0.08 


T 

0.10 

Slownoss  (s/km) 


FIGDIE  4 


12 


CONTRACTORS  (United  States) 


Prof.  Thomas  Ahrens 

Seismological  Lab,  252-21 

Division  of  Geological  &  Planetary  Sciences 

California  Institute  of  Technology 

Pasadena,  C A  91125 

-  Prof.  Charles  B.  Archambeau 
CIRES 

University  of  Colorado 
,  Boulder,  CO  80309 


Dr.  Thomas  C.  Bache,  Jr. 

Science  Applications  Int'l  Corp. 
10260  Campus  Point  Drive 
San  Diego,  CA  92121  (2  copies) 


Prof.  Muawia  Barazangi 
Institute  for  the  Study  of  the  Continent 
Cornell  University 
Ithaca,  NY  14853 


Dr.  Jeff  Barker 

Department  of  Geological  Sciences 
State  University  of  New  Ywk 
at  Binghamton 
Vestal,  NY  13901 

Dr.  Douglas  R.  Baumgardt 
ENSCO,  Inc 
5400  Port  Royal  Road 
Springfield,  VA  22151-2388 


Prof.  Jonathan  Berger 
IGPP,  A-025 

Scripps  Institution  of  Oceanogr^hy 
University  of  California,  San  Diego 
La  JoUa,  CA  92093 

Dr.  Gilbert  A.  Bollinger 
Department  of  Geological  Sciences 
Virginia  Polytechnical  Institute 
21(^  Derring  Hall 
.  Blacksburg,  VA  24061 

Dr.  Lawrence  J.  Burdick 
Woodward-Clyde  Consultants 
*  566  El  Dorado  Street 

Pasadena,  CA  91109-3245 


Dr.  Jerry  Carter 
Center  for  Seismic  Studies 
1300  North  17th  St.,  Suite  1450 
Arlington,  VA  22209-2308 


Prof.  Vernon  F.  Cormier 
Department  of  Geology  &  Geophysics 
U-45,  Room  207 
The  University  of  Connecticut 
Storrs,  CT  06268 

Professor  Anton  W.  Dainty 
Earth  Resources  Laboratory 
Massachusetts  Institute  of  Technology 
42  (Zarleton  Street 
Cambridge,  MA  02142 

Prof.  Steven  Day 

Department  of  Geological  Sciences 
San  Diego  State  University 
San  Diego,  CA  92182 


Dr.  Zoltan  A.  Der 
ENSCO,  Inc. 

5400  Port  Royal  Road 
Springfield,  VA  22151-2388 


Prof.  Lewis  M.  Duncan 
Dept,  of  Physics  &  Astronautics 
Clemson  University 
Clemson,  SC  29634-1901 


Prof.  John  Ferguson 
Center  for  Lithospheric  Studies 
The  University  of  Texas  at  Dallas 
P.O.  Box  830688 
Richardson,  TX  75083-0688 

Dr.  Mark  D.  Fisk 

Mission  Research  Corporation 

735  State  Street 

P.  O.  Drawer  719 

Santa  Barbara,  (TA  93102 

Prof.  Stanley  Flatte 
Applied  Sciences  Building 
University  of  California 
Santa  Cruz,  CA  95064 


Dr.  Alexander  Florence 
SRI  International 
333  Ravenswood  Avenue 
Menlo  Park.  CA  94025-3493 


Dr.  Clifford  Frohlich 
Institute  of  Geophysics 
8701  North  Mopac 
Austin,  TX  78759 
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Dr.  Holy  K.  Given 
IGPP,  A-025 

Scripps  Institute  of  Oceanography 
University  of  California,  San  Diego 
LaJoUa,CA  92093 

Prof.  Henry  L.  Gray 
Vice  Provost  and  Dean 
Department  of  Statistical  Sciences 
Southern  Methodist  University 
DaUas.TX  75275 

Dr.  Indra  Gupta 
Teledyne  Geotech 
314  Montgomery  Street 
Alexandria,  VA  2^14 


Prof.  David  G.  Harkrider 
Seismological  Laboratcxy 
Division  ^  Geological  &  Planetary  Sciences 
California  Institute  of  Technology 
Pasadena,  CA  91125 

Prof.  Danny  Harvey 
CIRES 

University  of  Colorado 
Boulder,  CO  80309 


Prof.  Donald  V.  Helmberger 
Seismological  Laboratory 
Division  of  Geolo^kud  &  Planetary  Sciences 
California  Institute  of  Technology 
Pasadena,  CA  91125 

Prof.  Eugene  Herrin 

Institute  for  the  Study  of  Earth  and  Man 

Geophysical  Labtn^tory 

Soutiiem  Methodist  University 

Dallas,  TX  75275 

Prof.  Bryan  backs 

Cornell  Univosity 

Department  of  Gedogiod  Sdeaoes 

SNEEHaU 

Ithaca,  NY  14850 

Dr.  Rong-Song  Jih 
Teledyne  Geoiech 
314  Montgomery  Street 
Alexandria,  VA  22314 


Prof.  Lane  R.  Johnson 
Seismt^raphic  Station 
University  of  Califonua 
Berkeley,  CA  94720 


Dr.  Richard  LaCoss 
MIT-Lincoln  Laboratory 
M-200B 
P.  O.  Box  73 

Lexington,  MA  02173-0073  (3cop»s) 
Prof  Fred  K.  Lamb 

University  of  Illinois  at  Urbana-Champaign 
Department  of  Physics 
1 1 10  West  Green  Street 
Urbana,  EL  61801 

Prof.  Charles  A.  Langston 
Geosciences  Department 
403  Deike  Buikting 
The  Pennsylvaiua  State  University 
Univenity  Park,  PA  16802 

Prof.  Thome  Lay 

Institute  ci  Tectonics 

Earth  Science  Board 

University  of  California,  Santa  Cruz 

Santa  Cruz,  CA  95064 

Prof.  Arthur  Lemer-Lam 
Lamont-Ddiprty  Geological  Observatory 
of  Columbia  University 
Palisades.  NY  10964 


Dr.  Qiristc^her  Lynnes 
Teledyne  Gtotech 
314  Montgomery  Street 
Alexandria,  VA  22314 


Prof.  Peter  Malin 
Department  of  Geology 
Old  Chemistry  Bldg. 
DukeUaiver^ 

Durham,  NC  27706 

Dr.  Randolph  Martin, 

New  Engia^  Research,  Iik. 

76  (Xcoit  Drive 

White  River  Junction,  VT  05001 


Prof.  Thomas  V.  McEviUy 
Seismo^raphic  Station 
University  of  Califtmtia 
Beikeley,  CA  94720 


Dr.  Keith  L.  McLaughlin 
S-CUBED 

A  Division  of  Maxwell  Laboratory 
P.O.  Box  1620 
La  Jolla,  CA  92038-1620 
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Prof.  William  Menke 
Lamont-Doherty  Geological  Observatory 
of  Columbia  University 
Palisades.  NY  10964 


-  Stephen  Miller 
SRI  International 
333  Ravenswood  Avenue 
Box  AF  116 

*  Menlo  Park,  CA  94025-3493 

Prof.  Bernard  Minster 
IGPP,  A-025 

Scripps  Institute  of  Oceanography 
University  of  OdifOTnia,  San  Diego 
LaJoUa,CA  92093 

Prof.  Brian  J.  Mitchell 

Department  of  Etuth  &  Atmospheric  Sciences 
St.  Louis  University 
St.  Louis.  MO  63156 


Mr.  Jack  Murphy 

S-CUBED,  A  Division  of  Maxwell  Laboratory 
11800  Sunrise  Valley  Drive 
Suite  1212 

Reston.VA  22091  (2  copies) 

Prof.  John  A.  Oicutt 
IGPP.  A-025 

Scripps  Institute  of  Oceanography 
University  of  California,  San  Diego 
UJoUa,CA  92093 

Prof.  Keith  Priesdey 
University  of  Cambridge 
Bullard  Labs,  Dept,  of  Earth  Sciences 
Madingley  Rise,  MadingleyRd. 

Cambridge  CB3  OEZ,  ENGLAND 

Dr.  Jay  J.  Pulli 
Radix  Systems,  Inc. 

2  Taft  Court,  Suite  203 
RockviUe,  MD  20850 


Prof.  Paul  G.  Richards 
Lamont  IDoherty  Geological  Observatory 
'  of  Columbia  University 
Palisades,  NY  10964 


Dr.  Wilmer  Rivers 
Tcledyne  Geotech 
314  Montgomery  Street 
Alexandria,  VA  22314 


Prof.  Charles  G.  Sammis 
Center  for  Earth  Sciences 
University  of  Southern  California 
University  Park 
Los  Angeles,  CA  90089-0741 

Prof.  Christopher  H.  Scholz 
Lamont-Doherty  Geological  Observatory 
of  Columbia  University 
Palisades,  NY  10964 


Thomas  J.  Sereno,  Jr. 

Science  Application  Int'l  Corp. 
10260  Campus  Point  Drive 
San  Diego,  CA  92121 


Prof.  David  G.  Simpson 
Lamont-Doherty  Geological  Observatory 
of  Columbia  University 
Palisades,  NY  10964 


Dr.  Jeffrey  Stevens 
S-CUBED 

A  Division  of  Maxwell  Laboratory 
P.O.  Box  1620 
LaJoUa,CA  92038-1620 

Prof.  Brian  Stump 

Institute  for  the  Study  of  Earth  &  Man 
Geophysical  LaboratOTy 
Soudiem  Methodist  University 
Dallas,  TX  75275 

Prof.  Jeremiah  Sullivan 

University  of  Illinois  at  Urbana-Champaign 

Department  of  Physics 

1110  West  Green  Street 

Urbana,IL  61801 

Prof,  aifford  Thurber 
University  of  Wisconsin-Madison 
Department  of  Geology  &  Geophysics 
1215  West  Dayton  Street 
Madison,  WS  53706 

Prof.  M.  Nafi  Toksoz 
Earth  Resources  Lab 
Massachusetts  Institute  of  Technology 
42  Carleton  Street 
Cambridge,  MA  02142 

Prof.  John  E.  Vidale 

University  of  CalifOTnia  at  Santa  Cruz 

Seismological  Labcxratoiy 

Santa  Cruz,  CA  95064 
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Prof.  Terry  C.  Wallace 
Department  of  Geosciences 
Building  #77 
University  of  Arizona 
Tucson,  AZ  85721 

Dr.  William  Wortman 
Mission  Research  Corporation 
8560  Cinderbed  Rd. 

Suite  #  700 

Newington,  VA  22122 

Prof.  Francis  T.  Wu 
Department  of  Geological  Sciences 
State  University  of  New  York 
at  Binghamton 
Vestal,  NY  13901 


UNITED  STATES  (Others) 


Dr.  Monem  Abdel-Gawad 
Rockwell  Intentational  Science  Center 
1049  (Damino  Dos  Rios 
IhousandOaks,  CA  91360 


.  Prof.  Keiid  Aid 
Center  for  Earth  Sciences 
University  of  Southern  California 
University  Park 
Los  Angeles,  CA  9(X)89-0741 

Prof.  Shelton  S.  Alexander 
Geosciences  Department 
403  Deike  Buik^g 
The  Pennsylvania  State  University 
University  Paric,  PA  16802 

Dr.  Kenneth  Anderson 
BBNSTC 
Mail  Stop  14/lB 
Cambridge,  MA  02238 


Dr.  Ralph  Archuleta 
Department  of  Geological  Sciences 
University  of  CaUfomia  at  Santa  Barbara 
Santa  Barbara,  CA  93102 


Dr.  Susan  Beck 
Department  of  Geosciences 
Bldg.  #77 

University  of  Arizona 
Tucson,  AZ  85721 

Dr.  T.J.  Bennett 
S-CUBED 

A  Division  of  Maxwell  Laboratory 
1 1800  Sunrise  Valley  Drive,  Suite  1212 
Reston,  VA  22091 

Mr.  William  J.  Best 
907  Westwood  Drive 
Vienna,  VA  22180 


Dr.  N.  Biswas 
Geophysical  Institute 
•  University  of  Alaska 
Fairbanks,  AK  99701 


Dr.  Stephen  Bratt 
Center  for  Seismic  Studies 
13(X)  North  17th  Street 
Suite  1450 

Arlington,  VA  22209 


Michael  Browne 
Telcdyne  Geotech 
3401  Shiloh  Road 
Garland,  TX  75041 


Mr.  Roy  Burger 
1221  Serry  Road 
Schenectady,  NY  12309 


Dr.  Robert  Burridge 
Schlumberger-DoU  Research  Center 
Old  Quany  Road 
Ridgefield,  CT  06877 


Dr.  W.  Winston  Chan 
Teledyne  Geotech 
314  Montgomery  Street 
Alexandria,  VA  22314-1581 


Dr.  Theodore  Cherry 
Science  Horizons,  Inc. 

710  Encinitas  Blvd.,  Suite  200 
Encinitas,  CA  92024  (2  copies) 


Prof.  Jon  F.  Qaerbout 
Department  of  Geophysics 
Stanford  University 
Stanford,  CA  94305 


Prof.  Robert  W.  Qayton 
Seismological  Laboratory 
EHvision  of  Geological  &  Planetary  Sciences 
California  Institute  of  Technology 
Pasadena,  CA  91125 

Prof.  F.  A.  Dahlen 

Geological  and  Geophysical  Sciences 

Princeton  University 

Princeton,  NJ  08544-0636 


Mr.  Charles  Doll 
Earth  Resources  Laboratory 
Massachusetts  Institute  of  Technology 
42  Carleton  St. 

Cambridge,  MA  02142 

Prof.  Adam  Dziewonski 
Hoffman  Laboratory,  Harvard  Univ. 

Dept  of  Earth  Atmos.  &  Planetary  Sciences 
20  Oxford  St 
Cambridge.  MA  02138 
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Prof.  John  Ebel 

Department  of  Geology  &  Geophysics 
Boston  College 
Chestnut  Hill,  MA  02167 


Eric  Fielding 
SNEE  Hall 
INSTOC 

Cornell  University 
Ithaca,  NY  14853 

Dr.  John  Foley 

Phillips  LaboratoryA-WH 

Hanscom  AFB,  MA  01731-5000 


Prof.  Donald  Forsyth 
Department  of  Geidogical  Sciences 
Brown  University 
Providence,  RI  02912 


Dr.  Anthony  Gangi 
Texas  A&M  University 
Department  of  Geophysics 
College  Station,  TX  77843 


Dr.  Freeman  Gilbert 
IGPP,  A-025 

Scripps  Institute  of  Oceanography 
University  of  California 
La  JoUa,  CA  92093 

Mr.  Edward  Giller 
Pacific  Sierra  Research  Corp. 

1401  Wilson  Boulevard 
Arlington,  VA  22209 


Dr.  Jeffrey  W.  Given 
SAIC 

10260  Campus  Point  Drive 
San  Diego,  CA  92121 


Prof.  Stephen  Grand 
Universi^  of  Texas  at  Austin 
Department  of  Gedogical  Sciences 
Austin,  TX  78713-7909 


Prof.  Roy  Greenfield 
Geosciences  Department 
403  Deike  Buik^g 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


Dan  N.  Hagedom 
Battelle 

Pacific  Northwest  Laboratories 
Battelle  Boulevard 
Richland,  WA  99352 

E>r.  James  Hannon 

Lawrence  Livermore  National  Laboratory 
P.  O.  Box  808 
Livermore,  CA  94550 


Prof.  Robert  B.  Herrmann 

Dept,  of  Earth  &  Atmospheric  Sciences 

St.  Louis  University 

St  Louis,  MO  63156 


Ms.  Heidi  Houston 
Seismologictd  Laboratory 
University  of  California 
Santa  Cruz,  CA  95064 


Kevin  Hutchenson 
Department  of  Eardt  Sciences 
St  Louis  University 
3507  Laclede 
St  Louis,  MO  63103 

Dr.  Hans  Israelsson 
Center  fOT  Seismic  Studies 
1300  N.  17ih  Street,  Suite  1450 
Arlington,  VA  22209-2308 


Prof.  Thomas  H.  Jordan 
Department  of  Earth,  Aemosphoic 
and  Planetary  Sciences 
Ktassachusetts  fnstitate  of  Technology 
Cambridge,  MA  02139 

Prof .  Alim  Kafka 

Dqpanmem  of  Geology  &  Oecffhy^s 
Boston  CoiD^ 

ChesmutKrlLMA  02167 


Robert  C.  Kemerait 
ENSCO,  Inc. 
il45Ptn^Coim 
Mefboume.FL  32940 


William  Kikendi^ 
Teledyne  Geotech 
3401  Shiloh  Road 
Garland,  TX  75041 
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Prof.  Leon  Knopoff 

University  of  C^fomia 

Institute  of  Geophysics  &  Planetary  Physics 

Los  Angeles,  CA  90024 


Prof.  Jack  Oliver 
Department  of  Geology 
QotcU  University 
Ithaca,  NY  14850 


.  Prof.  John  Kuo 

Aldridge  Laboratory  of  Applied  Geophysics 
Columbia  University 
842  Mudd  Bldg. 

'  New  York,  NY  10027 

Prof.  L.  Timothy  Long 
School  of  Geophysical  Sciences 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 


Dr.  Gary  McCartor 
Department  of  Physics 
Southern  Methodist  University 
Dallas,  TX  75275 


Prof.  Art  McGarr 
Mail  Stop  977 
Geological  Survey 
345MiddlefieldRd. 
Menlo  Park.  CA  94025 

I>r.  George  Mellman 
Sierra  Geophysics 
11255  Kirkland  Way 
Kirkland,  WA  98033 


Prof.  John  Nabelek 
College  of  Oceanography 
Oregon  State  University 
Corvallis,  OR  97331 


Prof.  Geza  Nagy 

University  of  California,  San  Diego 
Department  of  Ames,  M.S.  B-OlO 
La  Jolla,  CA  92093 


Dr.  Keith  K.  Nakanishi 
Lawrence  Livermore  National  Laboratory 
‘  L-205 

P.  O.  Box  808 
Livermore,  CA  94550 

Prof.  Amos  Nur 
Department  of  Geophysics 
Stanford  University 
Stanford,  CA  94305 


Dr.  Kenneth  Olsen 
P.  O.  Box  1273 
Linwood,  WA  98046-1273 


Prof.  Jeffrey  Park 

Department  of  Geology  and  Geophysics 
Klme  Geology  Laboratory 
P.  O.  Box  6666 
New  Haven,  CT  06511-8130 

Howard  J.  Patton 

Lawrence  Livermore  National  Laboratory 
L-205 

P.  O.  Box  808 
Livermore,  CA  94550 

Prof.  Robert  Phinney 
Geological  &  Geophysical  Sciences 
Princeton  University 
Princeton,  NJ  08544-0636 


Dr.  Paul  Pomeroy 
Rondout  Associates 
P.O.  Box  224 
Stone  Ridge,  NY  12484 


Dr.  Norton  Rimer 
S-CUBED 

A  Division  of  Maxwell  Laboratory 
P.O.  Box  1620 
La  Jolla,  CA  92038-1620 

Prof.  Larry  J.  Ruff 
Department  of  Geological  Sciences 
1006  C.C.  Little  Building 
University  of  Michigan 
Ann  Arbor,  MI  48109-1063 

Dr.  Richard  Sailor 
TASC  Inc. 

55  Walkers  Brook  Drive 
Reading,  MA  01867 


Dr.  Susan  Schwartz 
Institute  of  Tectonics 
1156  High  St. 

Santa  Cruz,  CA  95064 
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John  Shcrwin 
Teledyne  Geotech 
3401  Shiloh  Road 
Garland.  TX  75041 


Dr.  Matthew  Sibol 
Virginia  Tech 

Seismological  Observatory 
4044  Derring  Hall 
Blacksburg,  VA  24061-0420 

Dr.  Albert  Smith 

Lawrence  Livermore  National  Labmatory 
L-205 

P.  O.  Box  808 
Livermore,  CA  94550 

Prof.  Roben  Smith 
Department  of  Geophysics 
University  of  Utah 
1400  East  2nd  South 
Salt  Lake  City,  UT  84112 

Dr.  Stewart  W.  Smith 
Geophysics  AK-50 
University  of  Washington 
Seatde,  WA  98195 


Donald  L.  Springer 

Lawrence  Livermore  National  Laboratory 
L-205 

P.  O.  Box  808 
Livermore,  CA  94550 

Dr.  George  Sutton 
Rondout  Associates 
P.O.  Box  224 
Slone  Ridge,  NY  12484 


Prof.  L.  Sykes 

Lamont-Doherty  Geological  Observatory 
of  Columbia  University 
Palisades,  NY  10964 


Prof.  Pradeep  Taiwan! 

Department  of  Geolt^al  Sciences 
Univeraity  of  South  Carolina 
Columbia,  SC  29208 


Dr.  David  Taylor 
ENSCO,  Inc. 

445  Pineda  Court 
Melbourne,  FL  32940 


Dr.  Steven  R.  Taylor 

Lawrence  Livermore  National  Laboratory 

L-205 

P.  O.  Box  808 
Livermore,  CA  94550 

Professor  Ta-Liang  Teng 
Center  for  Earth  Sciences 
University  of  Southern  California 
University  Park 
Los  Angeles,  CA  90089-0741 

Dr.  Gregtwy  van  der  Vink 
nUS,  Inc. 

1616  North  Fort  Mycr  Drive 
Suite  1440 

Arlington,  VA  22209 

Professor  Daniel  Walker 
University  of  Hawaii 
Institute  of  Get^ysics 
Honolulu,  HI  96822 


WilUam  R.  Walter 
Seismological  Lab(»atory 
University  of  Nevada 
Rcno,NV  89557 


Dr.  Raymond  Willeman 
I^illips  Laboratory/LWH 
Hanscom  AFB,  MA  01731-5000 


Dr.  Gregory  Wojcik 
Weidlinger  Associates 
4410  El  Camino  Real 
Suite  no 

Los  Altos,  CA  94022 

Dr.  Lorraine  Wolf 
Phillips  Laboratory/LWH 
Hanscom  AFB,  MA  01731-5000 


Dr.  Gregory  B.  Young 
ENSCO,  Inc. 

5400  Pon  Royal  Road 
Springfield,  VA  22151-2388 


Dr.  Eileen  Vergino 

Lawrence  Livermoie  National  Laboratory 
L-205 

P.  O.  Box  808 

Livermore,  CA  94550 
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J.  J.  Zucca 

Lawrence  Livermore  National  Laboratory 
P.  O.  Box  808 
Livermore,  CA  94550 


CONTRACTORS  (Foreign) 


Dr.  Ramon  Cabrc,  S.J. 
Observatorio  San  Calixto 
CasiUa  5939 
La  Paz,  Bolivia 


Prof.  Hans-Peter  Haijes 
Institute  for  Geophysik 
Ruhr  University/Bochum 
P.O.  Box  102148 
4630  Bochum  1,  FRG 

Prof.  Eystein  Husebye 
NTNF/NORSAR 
P.O.  Box  51 

N-2007  KjeUcr.  NORWAY 


Prof.  Brian  L.N.  Kennett 
Research  School  of  E^  Sciences 
Institute  of  Advanced  Studies 
G.P.O.  Box  4 

Canberra  2601.  AUSTRALIA 

Dr.  Bernard  Massinon 

Societe  Radiomana 

27  rue  Claude  Bernard 

75005  Paris,  FRANCE  (2  Copies) 


Dr.  Pierre  Mecheler 
Societe  Radiomana 
27  rue  Claude  Bernard 
75005  Paris,  FRANCE 


Dr.  Svein  Mykkeitveit 
NTNF/NORSAR 
P.O.  Box  5 1 

N-2007  KjeUer,  NORWAY  (3  copies) 
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FOREIGN  (Others) 


Dr.  Peter  Basham 

Earth  Physics  Branch 

Geological  Survey  of  Canada 

1  Observatory  Crescent 

Ottawa,  Ontario,  CANADA  K1 A  0Y3 

,  Dr.  Eduard  Berg 
Institute  of  Geophysics 
University  of  Hawaii 
Honolulu,  HI  96822 


Dr.  Michel  Bouchon 
I.R.I.G.M.-B.P.  68 
38402  St.  Martin  D'Heres 
Cedex,  FRANCE 


Dr.  Hilmar  Bungum 
NTNF/NORSAR 
P.O.  Box  51 

N-2007  KjeUer,  NORWAY 


Dr.  Michel  Campillo 
Observatoire  de  Grenoble 
I.R.I.G.M.-B.P.  53 
38041  Grenoble,  FRANCE 


Dr.  Kin  Yip  Chun 
Geophysics  Division 
Physics  Department 
University  of  Toronto 
Ontario,  CANADA  M5S  1A7 

Dr.  Alan  Douglas 
Ministry  of  Defense 
Blacknest,  Brimpton 

Reading  RG7-4RS,  UNITED  KINGDOM 


Dr.  Tormod  Kvaema 
NTNF/NORSAR 
P.O.  Box  51 

N-2007  Kjeller,  NORWAY 


Dr.  Peter  Marshall 
Procurement  Executive 
Ministry  of  Defense 
Blacknest,  Brimpton 

Reading  FG7-4RS,  UNITED  KINGDOM 

Prof,  Ari  Ben-Menahem 
Department  of  Applied  Mathematics 
Weizman  Institute  of  Science 
Rehovot,  ISRAEL  951729 


Dr.  Robert  North 

Geophysics  Division 

Geolo^cal  Survey  of  Canada 

1  Observatory  Crescent 

Ottawa,  Ontario,  CANADA  K1A0Y3 

Dr.  Erode  Ringdal 
NTNF/NORSAR 
P.O.  Box  51 

N2X/  Kjeller,  NORWAY 


Dr.  Jorg  Schlittenhardt 

Federal  Institute  for  Geosciences  &  Nat'l  Res. 
Posifach  510153 

D-3000  Hannover  51,  FEDERAL  REPUBLIC  OF 
GERMANY 


Universita  Degli  Studi  Di  Trieste 
Facolta  Di  Ingegneria 

Istituto  Di  Mmiere  E.  Geofisica  Applicata,  Trieste, 
ITALY 


Dr.  Manfred  Henger 

Federal  Institute  for  Geosciences  &  Nat'l  Res. 

Postfach  5 10153  Dr.  John  Woodhouse 

D-3000  Hanover  5 1 ,  FRG  Oxford  University 

Dept  of  Earth  Sciences 

*  Parks  Road 

Ms.  Eva  Johannisson  Oxford  OX  1 3PR,  ENGLAND 

SeniOT  Research  Ctfficer 
»  National  Defense  Research  Inst. 

P.O.  Box  27322 

S- 102  54  Stockholm,  SWEDEN 

Dr.  Fekadu  Kebede 

Geophysical  Observatory,  Science  Faculty 
Addis  Ababa  University 
P.  O.  Box  1176 
Addis  Ababa,  ETHIOPIA 
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GOVERNMENT 


Dr.  Ralph  Alewine  in 
DARPA/NMRO 
1400  Wilson  Boulevard 
Arlington,  VA  22209-2308 


Mr.  James  C.  Battis 
Phillips  Laboratory/LWH 
Hanscom  AFB,  MA  01731-5000 


Harley  Benz 

U.S.  Geological  Survey,  MS-977 
345MiddlefieldRd. 

Menlo  Park,  CA  94025 


Dr.  Robert  Blandford 
AFTAC/IT 

Center  for  Seismic  Studies 
1300  North  17th  St.  Suite  1450 
Arlington,  VA  22209-2308 

Eric  Chael 
Division  9241 
Sandia  Laborauvy 
Albuquerque,  NM  87185 


Eh-.  John  J.  Cipar 
Phillips  Laboratory/LWH 
Hanscom  AFB,  MA  01731-5000 
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